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Vasoactive agents affect growth and protein synthesis of cultured rat
mesangial cells. Mesangial cell (MC) proliferation and extracellular
matrix (ECM) formation are hallmarks of chronic glomerular disease.
The present in vitro study examined the effects of the vasoactive agents
angiotensin II (Ang II), arginine vasopressin (AVP), and serotonin
(5-HT) on growth and protein biosynthesis of cultured rat MCs after 72
hours of incubation, AVP and 5-HT (Jft6 M) significantly increased
DNA synthesis and growth of quiescent subconfiuent MCs to levels of
25 and 45%, respectively, of the optimal stimulatory effect of 10% fetal
calf serum (FCS) (both P < 0.001). The mitogenic effect of Ang II was
10% of the 10% FCS effect (P C 0.01). ECM production was studied by
ELISA assay for fibronectin (FN) secreted into the culture medium
(SeFN) and cell-associated FN, that is, intra- and pericellular FN
(CaFN). In all incubations, highly significant negative linear relation-
ships were found between the numbers of MCs per well and quantities
of both SeFN and CaFN after normalization of the data by logarithmic
transformation (SeFN: r values > —0.9705; CaFN: r> —0.9620; P C
0.001). Thus, increasing cell densities progressively suppressed ECM
formation by MCs. The ECM production was found to be independent
of growth activity. AVP significantly increased SeFN (P C 0.05) and
decreased CaFN (P < 0.001) in subconfluent cultures; Ang II and 5-HT
had no effect. Metabolic labeling with 35S-methionine (18 hr, 200 sCi/ml
medium) and 2-D electrophoresis of MC lysates resulted in resolution of
>500 different radiolabeled intracellular proteins in molecular weight
from 110 to 20 Kd over an isoelectric interval of 5.0 to 7.0. Computer-
ized video densitometry and scintillation counting of excised spots
revealed prominent upregulation of 10 different MC proteins in re-
sponse to AVP, and enhanced expression of five proteins in response to
5-HT, events characteristic of cellular activation. Ang II caused weakly
increased expression of only one protein. The stimulatory effects of
AVP and 5-HT on growth and protein synthesis of MCs in-vitro imply
a possible in vivo role for these factors in glomerular disease.
Mesangial cell (MC) proliferation and extracellular matrix
(ECM) formation are hallmarks of chronic glomerular disease
[1, 2]. Alterations of MC growth and biosynthetic activity may
be caused by a number of interrelated factors. These are
thought to comprise pleiotropic growth factors and cytokines
[3, 4], vasoactive agents with direct metabolic effects [51, and
possibly alterations in glomerular ECM [6]. Circulating vasoac-
tive hormones, such as angiotensin II (Ang II) and arginine
vasopressin (AVP), easily penetrate the highly permeable
mesangial area with modulation of glomerular function [7, 8].
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While Ang II has been shown to cause contraction in MCs [9],
it has also been demonstrated that Ang II enhances collagen
production in these cells [10]. AVP, in addition to its contractile
effect [9, ii], was found to be mitogenic for MCs in culture [12].
Among paracrine mediators released by infiltrating activated
macrophages, aggregating platelets, or intrinsic glomerular cells
in response to injury [1, 2] are an array of mediators with
biologic actions on MCs in vitro such as platelet-derived growth
factor [13], transforming growth factor beta [14], interleukin I
species [15], tumor necrosis factor [16], and also a number of
locally-secreted vasoactive substances such as eicosanoids
[17], adenosine [18], endothelin [19], and serotonin (5-HT) [20,
21].
The aim of the present in vitro study was to further investi-
gate the metabolic effects of Ang II, AVP, and 5-HT on cultured
rat MCs by examining growth and protein synthesis, that is,
production of the ECM glycoprotein fibronectin (FN) and
intracellular protein profiles.
Methods
Isolation and culture of MCs
MCs were obtained from eollagenase-treated renal glomeru-
tar remnants by previously described methods [15, 22]. Briefly,
whole glomeruli were isolated by serial sieving of minced renal
cortical tissue obtained from healthy male Wistar rats (200 to
250 g). Glomeruli (30,000) in 2 ml of Hanks balanced salt
solution (HBSS, Gibco, Grand Island Biological Co., Grand
Island, New York, USA) were digested with collagenase (Sig-
ma Chemical Co., St. Louis, Missouri, Type IV) using 2 ml of
750 U/mt collagenase under continuous gentle shaking in a 37°C
water bath for 20 to 30 minutes. This procedure results in
digestion of the glomerular basement membrane and in shed-
ding of epithelial cells. Washed glomerular remnants, consisting
of MCs and endothelial cells, were plated at a density of 300
remnants/cm2 in a 75 cm2 culture flask (Costar, Cambridge,
Massachusetts, USA) and incubated in 20 ml MC medium at
37°C in a humidified 5% C02-95% air atmosphere. MC medium
consisted of DMEM (041 02320, Gibco) supplemented with 100
U/mi penicillin (Gibco), 100 g/ml streptomycin (Gibco), 2 mM
glutamine (Gibco), 5 p.g/ml bovine insulin (Sigma) and 20%
(vol/vol) heat-inactivated fetal calf serum (FCS) (Gibco). After
one week, two types of cellular outgrowths were observed. One
had typical MC morphology with growth in interwoven bun-
dles, and the other showed epithelial cell morphology with a
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polygonal, cobblestone-like outgrowth. Epithelial cells disap-
peared after two to three weeks. After passage #1, the amount
of FCS was reduced in the medium from 20 to 10% (vol/vol).
Identification of MCs was performed in several passages by
indirect immunofluorescence (IF) microscopy using rabbit im-
munoglobulin (IgG) directed to smooth muscle cell-specific
myosin and fluorescein isothiocyanate-conjugated goat IgG to
rabbit IgG. These studies showed uniformly strong positive
staining of distinct longitudinal fibrils in all observed cells,
which is a staining pattern considered to be indicative for MCs
[15, 221. In addition, the cells were negative by IF for cytoker-
atm and showed a contractile response on exposure to Ang II
[9]. Cultures which were maintained in the same flask for
prolonged periods (6 to 8 weeks) showed formation of hillocks,
nodular protrusions consisting of cells and ECM, a behavior
characteristic of MCs in culture [23].
Prior to each experiment, the medium was changed from 10
to 0.5% FCS for four days to induce cellular quiescence, leaving
the MCs in a resting state, the GO/G1 phase [12, 15]. MCs were
used from passage #8 to 10.
Cellular proljferation
MC proliferation was assayed by measurement of DNA
synthesis with an ELISA assay for incorporated bromodeox-
yuridine (BrdU), a thymidine analog, as described by Vander-
laan and Thomas [24] with some modifications. MCs, grown to
subconfluency in 96-well tissue culture plates (Costar), were
growth-arrested and incubated for three days in triplicate with
Ang II (Sigma, V-9525, lot #79F58002), AVP ([Arg8j vasopres-
sin, Sigma, V-9879 lot #108F58551), and 5-HT (Sigma, H5755,
lot #27F72l0) in concentrations ranging from io— to 10—8 M in
0.5% FCS. BrdU (Sigma, B-5002), 50 pgIml, was added during
the last 30 hours. At the end of the incubation period, MCs were
washed three times in 0.01 M phosphate-buffered normal saline
pH 7.4 containing 0.1 g!liter CaC12 and 0.1 g!liter MgCl2 (PBS)
(Gibco). The cells were fixed by adding 100 p1 acetic acid!
methanol (1: 1) to each well followed by evaporation using a
warm air flow. The plates were then stored air-sealed at 4°C
until development (within 7 days). To develop the plates, the
wells were filled with 200 d fixing solution (95% formamide, 5%
1.5 M citrate buffer pH 3.0 (vollvol)) and incubated for 45
minutes in a 70°C water bath. Subsequently, the plates were
incubated for two hours with 200 p1 2% BSA in 0.1 M carbonate
buffer pH 9.6 per well at 37°C, and one hour with 200 p1 medium
detergent protein salt buffer (MDPS): 1: 1 mixture of RPMI and
DPS (0.5% Tween 20, 0.5% Nonidet-P40, 1% BSA, 250 mi
NaCI, 10 mrvi MgCl2, 3.6 mi CaC12, 40 mivi Tris, pH 7.5) per
well at 37°C. Incorporated BrdU was quantitated by incubating
each well with 50 p1 anti-BrdU mouse-monoclonal culture
supernate for two hours at 37°C. After five washes with 200 pJ
MDPS per well, 50 p1 horseradish peroxidase (HRP)-conju-
gated rabbit anti-mouse antibody (DAKO, dilution 1: 1500 in
MDPS) was added and the plates were incubated at 4°C
overnight. HRP substrate was orthophenyldiamine (OPD)
(Eastman Kodak Company, Rochester, New York, USA), 20
mg dissolved in 2 ml methanol made to a final volume of 50 ml
with phosphate buffer (0.05 M, pH 5.6), and 20 p1 of 30% H2 02
was added. After four washes with 200 pi MDPS per well and
one wash with phosphate buffer (0.05 M, pH 5.6), 100 1d OPD
was added per well and color development was allowed to
proceed for 15 minutes in the dark. The reaction was terminated
by adding 100 p1 1 M H2S04 per well, immediately followed by
reading the absorbance (A) of each well in an ELISA reader
(Easy Reader, SF plus, SLT-Labinstruments, Austria). The
percentage proliferation was calculated as follows:
mean A(test well) — mean A(control well)
mean A(control well)
Absolute cell numbers were quantitated by hand counting. MCs
were washed twice with PBS, incubated for 15 minutes at 37°C
with 200 p1 trypsin!EDTA (Gibco). The enzymatic reaction was
terminated by adding 200 p1 of MC medium. MCs were de-
tached as judged by microscopic examination and were pelleted
by centrifugation (10,000 x g for 2 mm.), resuspended in 50 or
100 p1 HBSS and counted in a hemocytometer. Each sample
was counted in triplicate with an average deviation of 5%.
Growth density was assessed by measuring the area in the
well covered by MCs using a phase contrast inverted micro-
scope (Leitz Wezler, Germany) equipped with an eye piece
grid. Data are presented as % confluency, calculated as:
Well area covered by MCs
Total well surface
FN production
MCs were plated in 24-well tissue culture plates in cell
densities varying from 4 x iO to 4 x iQ cells per well (Costar,
2 cm2 wells). The cells were allowed to adhere overnight in
medium with 10% FCS. The next day, the cells were washed
three times with HBSS and growth-arrested. After three washes
with HBSS, the cells were incubated with Ang II, AVP, and
5-HT in a concentration of 10_6 M in medium with 0.5% FCS
during three days. An aliquot of incubation media was frozen at
—80°C to serve as control sample in the FN ELISA (see below).
During incubation, the wells were studied twice daily by phase
contrast microscopy to document growth pattern and cell
density. The medium was removed from the wells and imme-
diately centrifuged for five minutes at 10,000 x g to remove
cellular debris. The supernates were stored at —80°C until
assayed for SeFN (within 4 days). In other experiments, MCs
and the pericellular ECM layer were solubilized in 100 p11%
Nonidet P-40 in PBS, and frozen away at —80°C until assayed
for the amount of cell-associated FN (CaFN). Parallel cultures
in the same plate were used to determine cell numbers.
FN concentration in all samples was determined in triplicate
with a sandwich ELISA assay using exactly the methods
provided by the manufacturer (DAKOPATTS, Glostrup, Den-
mark, General ELISA procedure). Briefly, NUNC maxisorb
96-well plates (Nunc InterMed, Roskilde, Denmark) were
coated with polyclonal rabbit anti-human FN antibody (Dako,
dilution 1:10,000 in PBS). SeFN samples were diluted 1:50 and
CaFN samples 1: 10 with 3% polyethylene glycol 6000 in PBS
(sample buffer). After washing the plates three times with PBS
supplemented with 0.05% Tween-20 in an automated plate
washer (Easy Washer 2, SLT-Labinstruments, Austria), the
wells were filled with 100 p1 diluted test sample or control
medium and standards of human FN (Boehringer, Mannheim,
Germany, 1051407 lot #122-01400), 50, 25, 10, 5, 0 ng!ml in
sample buffer, and incubated overnight at 4°C. Following three
x 100
x 100%
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washes with PBS, the wells were incubated for two hours at
37°C with HRP-conjugated anti-EN antibody (dilution 1: 1000 in
sample buffer), washed three times, and incubated with 100 p1
OPD [0.7 mg/ml buffer (0.03 M citrate, 0.07 M disodiumphos-
phate), pH 5.0] supplemented with 0.4 p1 30% H202 per ml, in
the dark (15 mm) for color development. After stopping the
reaction with 150 p1 1 M H2S04, the absorbance was read using
an ELISA reader. Using the mean absorbencies of the stan-
dards and the samples, the FN concentration in the samples
was determined. The detection limit was 1 to 5 ng FN/ml. The
amount of SeFN per cell per 72 hours and CaFN per cell was
calculated as follows:
FN conc.(sample) — FN conc.(incubation medium)
# cells/well
X sample volume
Intracellular protein profiles
Total soluble intracellular proteins were studied by metabolic
labeling and high-resolution two-dimensional polyacrylamide
gel electrophoresis (2-D PAGE) of cell lysates. Quiescent
subconfluent MCs in 24-well plates were incubated during three
days with Ang II, AVP, and 5-HT (10_6 M in medium with 0.5%
FCS). Each vasoactive agent was studied in three separate
experiments. Prior to the last 18 hours of the incubation period,
the cells were washed three times with HBSS and fed with
methionine-free test media, 1 g/ml cold methionine, and 200
Ci/m1 35S-methionine (Amersham Nederland BY, 's Hertogen-
bosch, The Netherlands, SJ1O15 in vivo labeling grade) [25]. At
the end of the labeling period, the cells were washed three times
with PBS to remove free radiolabeled methionine. The cells
were lysed in 100 j.d lysis buffer (10 ml: 4 ml 10% Nonidet P-40
(Bio-Rad Laboratories BY, Veenendaal, The Netherlands), 0.5
ml Servalyt pH 7 to 9 (Serva Feinbiochemica, Heidelberg,
Germany, 42907, lot #30098), 5.89 g Urea (Serva), 154.3 mg
Dithiothreitol (Serva), and 10 ml H20) [25]. Radioactivity of the
samples was determined by scintillation counting in triplicate of
cell lysates precipitated on Whattman glass fiber discs.
High-resolution 2-D PAGE was performed as described by
O'Farrell [261 and modified by Bravo [27]. In this procedure, we
used an isoelectrofocusing (IEF) tube gel apparatus (Bio-Rad
model 175) connected to a power supply model 1000/500 (Bio-
rad) and a PAGE slab-gel apparatus (Bio-Rad Protean II 2-D
Multi-Cell) equipped with a capacity of running 12 20 x 16 cm
slab-gels under identical conditions at the same time. IEF was
performed using tube gels with reproducible gradients of pH 5.0
to pH 7.5: 8.25 g urea, 1.95 ml acrylamide [stock 28.38%
acrylamide and 1.62% Piperazine Diacrylamide (Bio-Rad)], 3.0
ml 10% Nonidet P-40, 2.25 ml H20, 1,2 ml Servalyt pH 5 to 7
(Serva, 42905, lot #23069), 0.18 ml Servalyt pH 3 to 10 (Serva,
42951, lot #22059), 15 p1 10% Ammoniumpersuiphate (Bio-
Rad), 11 p1 TEMED (Bio-Rad)) [25]. The IEF gradient was
established by pre-running the gels with 10 p1 lysis buffer and 10
p1 overlay buffer (5.0 Nonidet P-40, 250 p1 Servalyt pH 7 to 9,
4.8 g urea, 15.42 mg Dithiothreitol and add 10.0 ml H20) 15
minutes at 200 Y, 30 minutes at 300 V and 60 minutes at 400 Y,
after which an aliquot of each sample with an amount of
radioactivity of 1 x 106 or 0.5 x 106 counts per minute was
loaded and overlaid with 10 p1 overlay buffer followed by IEF
for 6500 to 7500 VH at 400 V and one hour at 1000 V. The gels
were subsequently extruded from the tubes and equilibrated in
equilibration buffer [0.2 M Tris (pH 6.8) 25% (vol/vol), 10% SDS
20% (vollvol), mercaptoethanol 5% (voLlvol), glycerin 10%
(vollvol)] for 15 minutes. After removal of the buffer, the gels
were frozen at —80°C until further processing (within 1 month).
Anode buffer in the IEF tank consisted of 10 mM H3P04 and the
cathode buffer of 20 mi NaOH. To determine the pH gradient
in the tube gels, two gels were loaded with 10 p1 lysis buffer
overlaid with 10 p1 overlay buffer and were run together with
the samples. Following IEF these gels were cut into 1 cm pieces
and the pH of each piece was determined in 1.5 ml degassed
H20 after it was crushed with a glass rod.
For the second dimension, IEF gels were placed on top of
15% SDS-polyacrylamide gels provided with a 4% stacking gel
and were fixed with a 1% agarose buffer [0.2 M Tris (pH 6.8)
25% (vol/vol), 10% SDS 0.1% (vol/vol), mercaptoethanol 5%
(vol/vol), glycerin 10% (vol/vol), Agarose (Bio-Rad electropho-
resis pure) 1% (vol/vol)] [25]. Electrophoresis was run over-
night using 18 mA per gel. Following electrophoresis, the gels
were fixed for 15 minutes in 45% (vol/vol) ethanol, 7.5%
(vol/vol) acetic acid, dehydrated in two separate DMSO (Sigma)
baths each for 30 minutes, and impregnated with PPO (Sigma)
(20% PPO in DMSO) for two hours. After rehydrating for about
30 minutes and drying of the gels under vacuum at 80°C,
fluorography was performed for four to seven days at —80°C
using Kodak XR and Agfa Curix RP1 films. After development
of the films using a Kodak automated developer, the fluoro-
grams were analyzed by computerized video densitometry as
described previously [281. Absolute radioactivity of over- or
underexpressed protein spots was determined by scintillation
counting after excision of the spots from the original gels.
Results
Cellular proliferation
Quiescent subconfluent MCs were exposed to 5-HT, AVP,
and Ang II in concentrations varying from icr4 to 108 M in
medium supplemented with 0.5% FCS during 72 hours. Figure
1 shows DNA synthesis by MCs as assessed by incorporation of
the thymidine analog BrdU during the last 30 hours of the
incubation period. Maximal DNA synthesis was found for all
three vasoactive agents at a concentration of 10_6 M. 5-HT and
AYP were equally potent, Ang II was approximately half as
stimulatory. Direct counting of MC numbers revealed that the
increased DNA synthesis reflected true cellular proliferation.
The number of MCs per well in control experiments was 16.5
3.7 x 10" (mean value SD, N = 15). After 72 hours of
incubation in AVP the number of MCs per well was 24 2.3 x
i0 (N 15, P < 0.001, two-sided Student's t-test [29]). The
number of MCs after 72 hours culture in 5-HT was 31 3.6 X
iO (N 15, P < 0.001). Mean cell number per well after 72
hours exposure to Ang II was 20 2.4 x l0 (N = 15, P 0.01).
Figure 2 shows MC numbers expressed relative to the optimal
mitogenic effect of 10% FCS. Thus, 5-HT and AVP were found
to be potent mitogens whereas the proliferative effect of Ang II
was mild. In subsequent experiments the concentration of 10
M was used for all three vasoactive agents.
FN production
MCs were initially plated at a density of approximately io
cells per well in 24-well plates. After 24 hours culture in medium
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Fig. 1. DNA synthesis of MCs in response to 5-HT (LI), AVP (a), and
Ang I! ) in different concentrations in medium with 0.5% FCS after
3 days of incubation. The results of BrdU ELISA are expressed as
percentage of the values found in MCs cultured in medium with 10%
FCS (set at 100% DNA synthesis). Data represent mean SD of three
parallel incubations.
0
5-HT AVP Ang II
Fig. 2. MC numbers per well after 3 days incubation with 5-HT, AVP,
and Ang II (106 M in medium with 0.5% FCS). Data are presented as
percentage of cell numbers obtained after 3 days incubation with 10%
FCS (set at 100% level). Data represent mean SD of three parallel
incubations.
with 10% FCS, the cultures were growth-arrested. Exposure of
the cultures to Ang II, AVP, and 5-HT (106 M) resulted in
variable cell numbers after three days of incubation as a
consequence of differences in mitogenic stimulation. Cell num-
bers ranged from 2 to 25 x io MCs per well of 2 cm2 after three
days. Examination by phase contrast microscopy revealed 70%
confluency at a density of approximately l0 cells per well, and
100% confluency at densities of about l0 cell per well, as
shown in Figure 3. Cultures with cellular densities exceeding
i05 MCs per well became supraconfluent with growth in irreg-
ular multilayers. Quantitative measurement of FN production
by ELISA assay revealed highly significant negative linear
relationships between cell numbers per well and both the
amounts of SeFN and CaFN after logarithmic transformation to
normalize the distribution of the data [29]. Figures 4A and 4B
show the pooled results for all three vasoactive agents. Down-
>-
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C00
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Fig. 3. Relationship between percentage of confluency and cell num-
bers per well (2 cm2). A 100% confluency was found at a MC density of
approximately l0 cells per well.
regulation of FN production was particularly prominent in
subconfluent cultures (2 x i04 to iO cells per well, Fig. 3).
Decrease of FN production was also apparent in supraconfluent
crowded cultures with irregular multilayered growth of MCs.
As shown in the Figures 5A and SB, when the results obtained
for the individual vasoactive agents were plotted against cell
number, AVP was found to reduce the amount of CaFN (P <
0.001) and to increase the amount of SeFN (P < 0.05) without
affecting the overall production of FN for a given cell number in
subconfiuent cultures. Table 1 gives the overall data of corre-
lation and linear regression analyses which were carried out
according to the recommendations of Godfrey [30]. Regression
coefficients were compared by the modified two-sided I-test
[311.
Intracellular protein profiles
2-D PAGE of biosynthetically radiolabeled intracellular pro-
teins resulted in resolution of over 500 different MC proteins
ranging in molecular weight from 110 to 20 Kd over an isoelec-
tric interval of 5.0 to 7.5. Figure 6 shows a representative
fluorogram illustrating MC intracellular proteins after three
days culture in medium supplemented with 0.5% FCS. Incuba-
tion of MCs during three days with 5-HT, AVP, and Ang II
(106 M) and analysis of the fluorograms by computerized video
densitometry revealed over- and underexpression of different
sets of intracellular proteins. An increase or decrease of radio-
activity exceeding 10% of the radioactivity of the corresponding
protein spot in fluorograms of MCs cultured in 0.5% FCS were
considered to represent clear over- or underexpression. The 10
most prominently affected proteins were labeled by a number
(p1 to p 10). Table 2 lists the relative changes in radioactivity of
the excised spots of p1 to plO in the different incubations. The
data represent the mean values of three separate experiments.
AVP exclusively stimulated MC protein synthesis with overex-
pression of p1 trough 10, no repression of proteins were
observed in the gel areas studied. 5-HT induced overexpression
of five different proteins (p1, 2, 6, 7 and 9) and underexpression
of two different MC intracellular proteins (p5 and p10). The Ang
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100
Cell number
FIg. 4. Quantities of FN secreted into the culture medium (SeFN) and
pen/intracellular (CaFN) in MC cultures of dWerent densities. The data
of all incubations (AVP, 5-HT, Ang II) are pooled. Each symbol
represents the mean value of 3 parallel incubations (standard deviations
are within the symbols). A, SeFN; B, CaFN.
intracellular proteins, that is, weak overexpression of p1 and
underexpression of p5.
Discussion
The effects of vasoactive agents on glomerular ultrafiltration
are well established [7]. One of the pathways involved in the
regulation of glomerular perfusion and filtration may be direct
stimulation of contraction of smooth muscle cell-like MCs, the
effect of which is to reduce glomerular capillary patency and
hence the ultraffitration coefficient [7, 8]. Recent experiments,
making use of cell culture and other recently developed analytic
techniques, have established that the vasoactive hormones Ang
II and AVP both activate MCs through phospholipase C-medi-
ated breakdown of phosphoinositides with generation of inosi-
tol triphosphate and diacylglycerol [12, 20, 32, 33]. Inositol
triphosphate increased the intracellular concentration of ion-
ized calcium ([Ca2]1) by releasing intracellular stores and by
enhancing extracellular calcium entry [33]. Diacyiglycerol acti-
Cell number
Fig. 5. Quantities of SeFN and CaFN in MC cultures of different
densities after incubation with 10 MAVP in medium with 0.5% FCS
(0) or with control medium (•). Each symbol represents the mean of 3
parallel incubations (standard deviations are within the symbols). A,
SeFN (P < 0.05); B, CaFN (P < 0.001 in the subconfluent range of cell
density).
yates protein kinase C to a membrane-associated form that
independently or synergistically with [Ca211 controls the func-
tions of numerous target proteins and enzymes [20, 33]. 5-HT,
a major release product of activated platelets, also activates
MCs through the complex inositol phosphate-Ca2-diacylglyc-
erol pathway of signal transduction [20, 21].
In addition to their contractile properties AVP, Ang II, and
5-HT are also found to affect MC proliferation. Ganz et al. [12]
reported a strong mitogenic effect of AVP on cultured rat MCs
through binding to a specific V1 receptor. Ang II was shown to
induce vascular smooth muscle cell proliferation in vivo [34].
The mitogenic potential in vitro of Ang II is not entirely clear as
has been shown in conflicting data with MCs. Fujiwara and
coworkers [35] observed increased incorporation of 3H-thymi-
dine in quiescent rat MCs in the presence of insulin or serum,
suggesting that Ang II acts as a competence-type of mitogen for
MCs. In contrast, Ganz and associates [36] did not observe a
mitogenic effect of Ang II on rat MCs. This discrepancy may
reflect the loss of Ang II receptors in cultured rat MCs with
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II effect was modest with modulation of only two different MC
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r Loga b
SE
Loga b Loge
SeFN
0,5% 4.3540 0.2306 0.0456 0.0066
AVP 5.0123 0.1216 0.0245 0.0026
5-HT 4.7151 0.1841 0.0366 0.0054
Ang H 4.4486 0.5674a 0.1266 0.0257 0.0057
caFN
0.5% 4.1387 0.1197 0.0241 0.0082
AVP 2.9890 0.1892 0.0348 0.01 14
5-HT 0.9620a 3.8511 0.2960 0.0596 0.0111
Ang II 3.6820 0.2764 0.0563 0.0199
epeated passages [36]. Recently, Harris and Homma [37], in a
reliminary report, noted a mitogenic effect of Ang II on
:ultured rat MCs when exposed to stretch-relaxation. No
rnitogenic effect was seen in MCs grown on a solid support [37].
5-HT, in addition to stimulation of contraction and prostaglan-
Jin synthesis, was recently found to be a strong mitogenic for
ultured rat MCs [201. In the present study, MCs were cultured
iccording to widely applied and generally accepted methods for
solation and propagation of this smooth muscle cell-like gb-
nerular cell type [15, 22, 23]. Morphology, immunohistochem-
cal characteristics, and behavior in long-term culture are all in
:oncordance with a mesangial origin of the cells [15, 22, 23].
Protein
Molecular
wt Kd p1
Over
Ang II
express
AVP
ion
5-HT
Under
Ang II
expre
AVP
ssion
5-HT
p1 83 5.43 30% 134% 70% — — —
p2 80 6.12 — 60% 60% — — —
p3 67 6.03 — 20% — — — —
p4 61 6.26 — 50% — — — —
p5 52 5.11 — 20% — 30% — 45%
p6 34 6.18 — 60% 20% — — —
p7 34 5.28 — 40% 20% — — —
p8 32 6.30 — 20% — — — —
p9 24 5.67 — 60% 45% — — —
plO 39 5.08 — 30% — — — 15%
Our proliferation experiments confirm the strong stimulatory
effects of 5-HT and AVP on DNA synthesis and growth of MCs
as reported by others [12, 20, 36]. The proliferative effect of
110 Ang II was found to be mild in our experiments. These data are
suggestive for a potential role of vasoactive agents in the
process of vascular and glomerular sclerosis through stimula-
— 68 tion of cellular proliferation. Moreover, the possibility of vaso-
active agents altering biosynthetic activity of MCs resulting in
ECM expansion, may further suggest a role of these agents in
the progression of chronic glomerular disease.
— Contractile vascular smooth muscle-like MCs are biosynthet-
c ically very active in tissue culture. Dependent on the state of
the cell cycle and nature of applied stimuli, MCs were found to
produce and secrete an array of bioactive compounds such as
enzymes, hormones and cytokines, bioactive lipids, and a
number of ECM proteins [reviewed in 3—6, 8]. There is signif-
icant evidence that ECM can influence proliferation, adhesion
and migration, phenotype, and gene expression in MCs [4, 6,
23, 38, 39]. Alterations in ECM are thought to contribute to
abnormal cellular function in disease [3, 4, 61. FN, an adhesive
ECM glycoprotein involved in cell-to-cell and cell-to-matrix
interactions [38, 40], is prominently accumulated in the expand-
ing mesangium in chronic glomerular disease in vivo [1, 2].
Quantitative measurements by ELISA assay revealed a pro-
gressive decrease both of secreted and cell-associated FN with
increasing cell densities. This downregulation was observed in
the presence of all three vasoactive substances with different
levels of mitogenic stimulation. This observation suggests that
in these experimental conditions the formation of ECM by MCs
is independently regulated from DNA synthesis and growth.
This phenomenon has also been reported in other cell systems.
Incubation of bovine adrenocortical cells with TGF-3 stimu-
lated FN production without affecting proliferation [41]. The
progressive decrease of ECM formation was particularly prom-
inent in subconfluent cultures with increasing percentages of
confluency. Recently, Simonson, Culp and Dunn [38] and
Ishimura et al [42] examined the production and distribution of
ECM components in cultured rat MCs by immunocytochemis-
try. ECM components were located strictly intracellular until
Table 1. Analysis of the degree of association between the log values
of cellular numbers per well and logs of both the amounts of SeFN
and CaFN after incubation with AVP, 5-HT, and Ang II (10_6 M)
for 3 days
Table 2. Changes of radioactivity of individual 35S-methionine-
labeled protein spots obtained from fluorograms of MCs after 3 days
incubation in Ang II, AVP, or 5-HT
Abbreviations are: r, correlation coefficient; a, intercept; b, regres-
ion coefficient; sE, standard error; e, residual.
a <0.001 vs. 0bP < 0.05; P < 0.001 vs. 0.5% FCS
EF
—*
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The 10 most prominently altered proteins were given numbers (p1 to
plO as shown in Fig. 6). Over- or underexpression is presented as
percent change compared to radioactivity measured in corresponding
spots of fluorograms obtained from MCs cultured in medium with 0.5%
FCS. Data represent the mean values of three separate experiments.
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Fig. 6. Fluorogram of a 2-dimensional steady-state MC protein pat-
'em (labelling period 18 hours) after 72 hours of incubation with 0.5%
FCS. Numbered spots refer to the numbers given in Table 2 (pH range
5.0 to 7.5, acidic end at the right). The relevant part of the gel is shown.
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confluency, when these proteins were secreted and incorpo-
rated into pericellular ECM accompanied by decreased intra-
cellular staining [42]. The latter authors hypothesized that the
secreted ECM may interact with specific MC membrane surface
receptors to target delivery and to regulate their own synthesis,
secretion, and extracellular organization with mechanisms that
include an autocrine feedback system as a solid phase [42]. Our
current quantitative measurements of secreted and intralperi-
cellular FN support this contention. Downregulation of FN
production was also found to be statistically significant in
supraconfluent cultures with increasing cell numbers per well,
that is, in MCs growing in irregular multilayers surrounded by
abundant ECM. A three-dimensional cellular orientation pro-
foundly influences the degree of spreading and cell shape and
hence, proliferative and biosynthetic activity [23, 39, 43].
Recently, experimental evidence has been provided that MCs
possess plasma membrane receptors for FN, laminin, and
collagen types I and IV [38, 40]. FN receptors on MCs have
been shown to promote attachment and direct spreading of MCs
on the culture substratum [38], and to facilitate phagocytosis of
opsonized particular material [40]. In the current experiments,
AVP was found to decrease the quantity of cell-associated FN
and to increase the amount of FN secreted into the medium of
subconfluent cultures, whereas the overall production of FN for
a given cell number per well was unaffected. These data suggest
that AVP may affect cell-to-cell and cell-to-matrix interactions
in the mesangium, perhaps through decreased cell surface
expression of FN receptors. Kreisberg and Venkatachalam [11]
reported increased areas of MC surface in focal (adhesive)
contact with the culture substratum after a 40 minute incubation
with AVP, accompanied by increased myosin light chain phos-
phorylation, a biochemical indicator of activation of actin-
myosin interactions. These findings may indicate an increased
contact with the highly adhesive plastic substratum, possibly
due to AVP induced loss of cell-associated FN. On the other
hand, when cells were grown on less adhesive surfaces like
polyhydroxyethylmethacrylate, AVP induced contraction in an
isotonic fashion, possibly permitted by a reduction of cell
associated FN since Ingber [44] found FN to be resistant to
cell-generated mechanical forces. AVP had no effect on MC
morphology as studied by phase contrast microscopy. Prelimi-
nary experiments did not reveal changes in immunofluores-
cence patterns for the cytoskeletal components actin and
smooth muscle myosin, and the focal contact components
vinculin and alpha actinin after incubation with AVP (data not
shown).
2-D PAGE is a method for the analytic separation of large
numbers of proteins from solubilized cells [25—281. The resolv-
ing power of the technique, which separates proteins both in
terms of their isoelectric points and molecular weights, is high
with resolution of >1000 35S methionine labelled proteins from
unfractioned cell lysates. Although this represents only a frac-
tion (10 to 20%) of the total number of proteins thought to be
present in a mammalian cell, it is a standard procedure in order
to globally study cellular protein composition and to monitor
changes in protein patterns in response to environmental stimuli
or experimental perturbations [25—28, 45]. We applied this
analytic technique to further study enhanced cellular protein
synthesis, an event characteristic of cellular activation, in
response to vasoactive agents. Metabolic labeling with 35S
methionine during 18 hours and 2-D PAGE resulted in resolu-
tion of >500 different radiolabeled intracellular proteins be-
tween p1 ranges 5.0 and 7.5 and molecular wt ranges from 110
to 20 Kd. These 2-D PAGE conditions were chosen on the basis
of other reports [25—28, 45]. AVP induced upregulation of all 10
selected individual mesangial cellular proteins. 5-HT also aug-
mented MC protein synthesis with upregulation of five different
cellular proteins and downregulation of two cellular proteins. In
particular, the MC proteins p1 (molecular wt 83 Kd, p1 5.43), p2
(molecular wt 80 Kd, p1 6.12), and p9 (molecular wt 24 Kd, p1
5.67) were found to be strongly upregulated both by AVP and
5-HT. Further investigations are required to examine the struc-
ture and possible functions of these affected MC intracellular
proteins. Ang II caused only marginal activation of MCs with
weak over- and underexpression of each a single mesangial
protein in the studied p1 and molecular wt ranges. Thus, the
direct metabolic effects of Ang II on cultured MCs, that is,
cellular proliferation and biosynthetic activity, were found to be
limited in our present study. On the other hand, also in view of
the recent data of Harris and Homma [37], data on the effect of
Ang II on the expression of larger MC proteins are needed.
In conclusion, AVP and 5-HT profoundly affect growth and
protein synthesis of MCs in vitro. These studies, albeit indirect,
suggest a possible relationship between the pathophysiological
response of glomerular cells and these vasoactive agents.
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